Abstract. Anomalies of multi-parameters (outgoing longwave radiation, surface latent heat flux, air temperature, relative humidity, and air pressure) before the 12 May 2008 Wenchuan M s = 8.0 earthquake were discussed in order to obtain the seismic precursors. Multi-parameter data were computed based on multi-year background data. The results indicated that these parameters had significant variations prior to this event. The anomaly of outgoing longwave radiation was observed firstly, which gives an early warning. Next were air temperature, relative humidity, and air pressure, which had quasi-simultaneous variations in the basin and the mountain region close to the epicenter. The last was surface latent heat flux, which happened the day before this event. The characteristics of the parameter variations for this event are similar to other earthquakes, which is demonstrated in some other publications. The variations can be attributed to solid earth degassing and chemical reactions in the atmosphere. Additionally, the emission of gases from solid earth into the atmosphere could be ascribed to the tectonic stress of the Wenchuan earthquake.
Introduction
The earthquake precursors at different heights over the seismogenic region and prior to the seismic events have been observed by satellite remote sensing techniques. The precursors can be classified into three groups based on their elevation. The first category occurred on the surface, such as land surface temperature (Panda et al., 2007) . The second occur in the atmosphere such as outgoing longwave radiation (Liu et al., 1997) , surface latent heat flux (Singh et al., 2007) , and air temperature (Tronin et al., 2004) . Lastly, some others occur in the ionosphere, such as total electron content (Liu et al., 2004) .
In this paper we analyzed the changes in the multiple parameters of the atmosphere, including outgoing longwave radiation (OLR), surface latent heat flux (SLHF), air temperature (AT), air relative humidity (ARH), and air pressure (AP). It has been proven that these parameters will change before strong earthquakes (e.g. Colima M = 7.8, Michoacan M = 8.1, Hector Mine M = 7.1, Parkfield M = 6) (Pulinets et al., 2007) .
It is worth mentioning that OLR variation has been investigated in detail because it can reflect the energy variation in the earth-atmosphere system and records the earthquake thermal anomalies in different time scales over the seismic monitoring field (Liu et al., 2000 (Liu et al., , 2003 Ouzounov et al., 2007; Kang et al., 2008; Jing et al., 2009; Xiong et al., 2010) . Therefore, it became one of the multiple ways to carry out earthquake prediction in China's earthquake prediction department. However, the mechanism of earthquake preparation is still unclear, which is a block to earthquake prediction, especially short-term earthquake prediction. The comprehensive analysis of multi-parameters is helpful to enhance the reliability of seismic anomalies identification, and understanding of the seismic anomalies mechanism.
The Wenchuan M s = 8.0 earthquake of 12 May 2008 is the strongest earthquake since the 1976 Tangshan M s = 7.8 earthquake in China's mainland. The epicenter was located at 31.01 • N, 103.42 • E, and the depth was 14 km (according to China Seismic Network). This paper focused on the changes in the multiple parameters (OLR, SLHF, AT, AP, and ARH) and showed the behavior of multi-parameters prior to the Wenchuan earthquake. The thermal dynamic process during the seismic preparation and the physical mechanism of the variations in atmospheric parameters related to this earthquake were discussed preliminarily.
Data and results
We have collected multi-parameter data (OLR, SLHF, AT, AP, and ARH), pre-and post-Wenchuan earthquake, from NOAA (National Oceanic and Atmospheric Administration, USA) and NCEP (National Centers for Environmental Prediction, USA). The results of our analyses are described in the following sections.
Outgoing longwave radiation (OLR)
OLR is the emission to space of terrestrial radiation from the top of the Earth's atmosphere, it is controlled by the temperature of the earth and the atmosphere above it, the water vapor in the atmosphere, and the clouds. The OLR dataset we used is estimated from the radiance in the 10-12 µm infrared windows observed by NOAA polar-orbiting satellites, and computed to 2.5 • × 2.5 • or 1.0 • × 1.0 • (latitude × longitude) grids by the National Environmental Satellite Data and Information Service (NESDIS) USA. The algorithm's description of interpolation can be found in related reference (Liebmann, 1996) . One can download it from the website of NOAA Climate Prediction Center.
Based on the multi-year background data (the mean value deducting the background value), we computed the 2.5 • × 2.5 • accumulative OLR monthly variations over the seismogenic region in 2007 based on twelve-month data (Fig. 1) . One can see that the highest variation of OLR was distributed along the seismogenic structure (Longmenshan active fault). It is an indication of the energy accumulation along this fault. The OLR monthly-data have been analyzed. We found anomalous OLR variation is near the eastern boundary of the Qinghai-Tibetan Plateau, and that the two highest values are on the north and south of this boundary on April 2008. After that, the largest variation transfered to the south of the Longmenshan fault during the month of the main shock (Fig. 2) . Additionally, the position of the maximum anomalies are close to the epicenter.
Let us see the dynamic mechanisms and tectonic implications of this event in order to determine whether the changes were related to the earthquake's preparation. According to Zhu et al. (2009) , the occurrence of this event was because of the movement of eastward mass flow from the QinghaiTibet Plateau, and some material accumulated in the west of the Sichuan basin due to the block of the stable and strong Sichuan basin. These materials push and compress on the Longmenshan fault. When the stresses exceed the friction strength, the energy is released on a weak point (the epicenter), and then the earthquake occurs. This description looks like the characteristics of the monthly OLR variations mentioned above.
The monthly OLR grid data of 2008 nearest to the point of the epicenter were analyzed (Fig. 3) . It shows that the monthly OLR variation increased distinctly from March to June, which reflects the energy accumulation for this shock. We can see the maximum variation occurred on the month of the seismic event and still continued until one month after this event. So it was discovered that the energy release for this earthquake was not rapid but slow.
Besides 2.5 • monthly data, 1.0 • daily data were analyzed using the STD (standard deviation) threshold method (Fig. 4) . The details of the STD threshold method can be found in the reference . The period of background data is from 1 May 2006 to 30 April 2009. The results showed that the obvious OLR anomalies appeared thirteen days (29 April 2008) before the earthquake, in the epicentral area, and then appeared frequently (29-30 April, 5 May, 10-11 May) in this region until one day before the earthquake (11 May 2008). The magnitude of the OLR anomalies increased firstly and then decreased gradually. The maximum variation appeared on 30 April. OLR anomalies covered an area of approximately 20 000 km 2 and were distributed along the Longmenshan fault zone.
Surface latent heat flux (SLHF)
SLHF is an atmospheric parameter, which can describe the heat released by phase changes, and is dependent on meteorological parameters such as surface temperature, relative humidity, wind speed, etc. SLHF data can be downloaded from the National Centers for Environmental Prediction (NCEP), USA. The data set is divided into 94 lines by the Gaussian grid from the North Pole to the South Pole (88.542 • N-88.542 • S), and divided into 192 lines from 0 • to 358.125 • E longitude with a regular 1.875 • spacing. So there are 18 048 (192 × 94) pixels in the global data. The accuracy of SLHF is 10-30 W m −2 (Smith et al., 2001) . The recent studies have demonstrated that SLHF may be an abnormal indicator as a seismic precursor (Dey et al., 2003; Cervone et al., 2005; Singh et al., 2007) .
We found the SLHF anomaly appears one day before this shock by analysis of SLHF data related to the Wenchuan earthquake. The maximum variation was observed on the seismic shock day and the value exceeded 100 W m −2 . The position of SLHF anomaly was very close to the epicenter. The anomalies disappear after the shock (Fig. 5 ).
Air temperature (AT), air pressure (AP), and air relative humidity (ARH)
Air temperature (AT), air pressure (AP), and air relative humidity (ARH) are important meteorological parameters. The abnormal variations of AT, ARH, and AP, before earthquakes have been reported (Pulinets et al., 2005 (Pulinets et al., , 2006a (Pulinets et al., , b, 2007 Ma et al., 1982) based on the observations of the ground stations. AT, AP, and ARH data used in our research are acquired by comprehensive observations on multi-source platforms such as ground station, ship, satellite, and others in the NCEP/NCAR Reanalysis Project, which has a strict quality control system to ensure the data credibility.
The ten-year AT and ARH data from 1998 to 2007 have been selected as background data in order to obtain the variation related to the Wenchuan earthquake. We found that the point (30 • N, 105 • E) east of the Longmenshan fault showed the high value in AT and the low value in ARH by comparing the data of 2008 to the background data. This point is located very close to the epicenter in the grid dataset. Is it a precursor to this event?
Then we focused on this point and studied the variation feature about it. The long time series of AT monthly data in May, from 1970 to 2009, have been analyzed (Fig. 6) . The result indicated that the monthly mean value in the year of 2008 was the maximum and reached up to 21.93 • C during the 39-yr period, which is higher 2.4 • C than the average in these years. We speculated this behavior has a relationship with the Wenchuan earthquake.
Similarly, we analyzed ARH variation pre-and postearthquake based on ten-year data, from 1998 to 2007. The results are shown in Fig. 7 . One can see that higher AT and the lowest ARH appeared together ten days and one day before this earthquake, which is possibly a precursor signal to this earthquake because the similar phenomenon has been reported in the Michoacan M = 8.1 earthquake by Pulinets et al. (2007) . Besides AT and ARH, the variation of air pressure during the same period have been analyzed. The results are presented in Fig. 8 . We can see there are two obvious variations before the event. The first variation appears from fourteen days to seven days before the event. The second is from seven days to two days prior to the event. They all drop initially and then rise. The lowest pressure value during this period was 932 hPa, which is lower than the average value of 10 hPa.
The variation of AT, ARH, and AP on the basin point 30 • N, 105 • E have been analyzed above. And how is the mountainous point? We also analyzed the mountainous point 30 • N, 102.5 • E that is closest to the epicenter. From the differential map between basin point (30 • N, 105 • E) and mountainous point (30 • N, 102.5 • E), regarding AT and ARH , one can see that the variation on mountain area and basin area of AT and ARH are almost in synchrony from 2 May (−10 d) to 11 May (−1 d) (Fig. 9) . The similar variations of AP are observed on the mountain. AP has two sudden drops and the time is the same as at the basin point. The only difference is the descending range is smaller (Fig. 10) .
Discussion
In this paper, the variations of OLR, SLHF, AT, ARH, and AP related to the Wenchuan earthquake have been analyzed. In addition, we obtained the variation of radon related to this earthquake in the reference . The variations of multi-parameters are be listed in Table 1 . One can see that OLR anomalies are observed firstly. Next are the abnormal variations of AT, ARH, AP and radon, which occurred almost at the same time. Lastly are the SLHF abnormal variations. Did these variations have a relationship with Wenchuan earthquake? Let us give a further analysis.
Firstly let us pay attention to OLR. OLR is a crucial atmospheric parameter which can reflect the radiation on the top of the atmosphere. A lot of case studies (Liu et al., 1997 (Liu et al., , 2000 (Liu et al., , 2003 Ouzounov et al., 2007; Kang et al., 2008; Jing et al., 2009; and Xiong et al., 2010) have proved that OLR is an effective parameter for seismic short-term monitoring. Especially, the variation of OLR was associated with the seismogenic structure, which can be seen in several case studies . In this study, OLR monthly variations showed that the energy accumulated along the west of the Sichuan basin and was then released close to the epicenter. Daily OLR variation also indicated that the energy accumulation occurred in the Longmenshan fault zone, which is the seismogenic structure. This relationship allows us to think that it is a precursor signal of the seismic preparation, especially, which can provide some information on the activity of seismic structures.
Next are AT, ARH, AP, and radon. The variations of AT and ARH are obtained by subtracting the mean value of the years 1998-2007. The lowest ARH accompanied higher AT, which can be regarded as a seismic anomaly according to previous studies (Dunajecka et al., 2005 ; Pulinets et al., Table 1 . The variation characteristics of earth-atmosphere system multi-parameters before and after the Wenchuan earthquake.
Parameters Abnormal
Time of anomaly Time of anomaly feature occurrence (day) disappearance (day) OLR increase −13 +1 SLHF increase −1 +1 AT increase, corresponding to the lowest value of ARH −10 and −1 +1 ARH decrease, corresponding to higher value of AT −10 and −1 +1 AP sudden drop −10 and −5 −2 Gas (Rn) increase −10 and −2 +1
"−":pre-earthquake, "+":post-earthquake 2006). They think it is a result of radon activity, and in this case the radon anomaly was also observed on the same day . This radon anomaly was observed by the ground station which is 1800 km from the epicenter. It does not ruled out that this anomaly was related to this event, as a result of the far-field effect of a strong earthquake (Cheng, 1997) .However, whether the variations of AT and ARH were caused by radon cannot be determined. As for AP, it has two dramatic variations before this event. Although there is no clear evidence that the variation in air pressure can trigger earthquakes, but several results (Ma et al., 1982) have shown that the air pressure may be one of the trigger factors for earthquake occurrence. The variations of AP before the Tonghai M = 7.7 earthquake of 1970 and the Tangshan M = 7.8 earthquake of 1976 in China, shown in Fig. 11 , are similar to our result from the Wenchuan earthquake. This made us speculate that AP variation may trigger earthquake activity in the case of the fault stress closing to the critical state. In this case, the variations of AT, ARH, and AP show quasi-synchronous both in the basin and the mountain area close to the epicenter from ten days to one day before the Wenchuan earthquake. It can be speculated that one factor controlled and influenced the regional atmosphere during this period. Considering some similar phenomena found in other earthquakes (Pulinets et al., 2006a (Pulinets et al., , b, 2007 , we believe that these changes may be associated with the preparation of the Wenchuan earthquake. (Dey et al., 2003; Cervone et al., 2005; and Singh et al., 2007) . Recent studies have shown that there is some relationship between SLHF anomalies and soil moisture (Qin et al., 2012) . Therefore, SLHF anomalies may occur in the intraplate earthquakes. In this event SLHF anomalies appear one day before the shock. We do not rule out the possibility that this variation is a seismic anomaly.
Finally, let us see what kind of relationship exists between the parameters mentioned above during the process of earthquake preparation. Maybe it can be explained by the Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) model (Pulinets et al., 2011) . According to the LAIC model, the release of radon is the main source of atmospheric parameter variations. The increase of radon release makes the air ionization. Next, the water molecules attach to the newly formed ions and release the latent heat, which leads to the increased anomalous flux of the latent heat and drop in air F. Jing et al.: Variations of multi-parameter observations in atmosphere related to earthquake relative humidity. This is consistent with the phenomenon we observed. However, we consider other geochemical gases besides radon cannot be ignored in the process of thermal variation. The reason is radon cannot migrate to the surface by itself in a short time due to the physical properties of radon. CO, CO 2 , CH 4 , and other geochemical gases play important roles in the process of radon emission into the atmosphere (Martinelli et al., 1991; Du et al., 2008) . The anomalies of geochemical gases over the seismic fault zone were found based on the field measurements after this event (Zhou et al., 2010) . The tectonic stress increases during the period of earthquake preparation, resulting in a large number of microfractures. Radon migrates upwards to the surface, carried by CO, CO 2 , CH 4 and other geochemical gases in a short time, along the micro-fractures and the faults. So we think that these geochemical gases have contributed greatly during this process.
Conclusions
Earthquake preparation occurred in a broad regional tectonic and seismogenic system. The complicated geodynamic and tectonic-physical processes, and the epicenter condition, make the seismic preparation complex. The variations of tectonic movement exist all the time, which make the seismic anomalies appear in a large region and over a long time. This is the physical basis on seismic precursor study.
Only one parameter has limitations in reflecting the complex seismic preparation process. The comprehensive analysis of multi-parameters may effectively enhance the reliability of abnormal activity identification. The satellite observations provided an opportunity for quick access to numerous precursor signals over the seismogenic zone. The analyses on multi-parameters (OLR, SLHF, AT, ARH, and AP) of the Wenchuan earthquake demonstrate that there are significant variations in these parameters before the occurrence of this event. The variations can be attributed to solid earth degassing and chemical reactions in the atmosphere, owing to the seismic and tectonic stress.
Earthquake prediction is still a challenging work to us. Much work needs to be done in how to obtain the seismic precursor information. The different ways, such as spacebased and ground-based comprehensive observations are an important directions to earthquake monitoring in the future.
